The phylum 'Chloroflexi' is currently divided phylogenetically into six classes, Chloroflexia (Garrity & Holt, 2001a; Gupta et al., 2013a, b) , Anaerolineae (Yamada et al., 2006) , Caldilineae (Yamada et al., 2006) , Ktedonobacteria (Yabe et al., 2010) , Thermomicrobia (Garrity & Holt, 2001b) and Dehalococcoidia (Löffler et al., 2013) . The phylum also contains a number of diverse unclassified environmental clone sequences and is one of the most frequently detected microbial groups from a variety of environments, such as soils, terrestrial hot springs, deep-sea hydrothermal vents and marine sponges (e.g. Björnsson et al., 2002; Lysnes et al., 2004; Roeselers et al., 2007; Davis et al., 2011; Schmitt et al., 2011) . Despite the ubiquitous distribution among various environments, types of energy metabolism of the isolates are limited to photosynthesis, oxygen respiration, fermentation and dehalorespiration (Garrity & Holt, 2001a, b; Sekiguchi et al., 2003; Seshadri et al., 2005; Cavaletti et al., 2006; Yan et al., 2009; and others) leading us to conjecture that a novel isolate of the phylum 'Chloroflexi' might have another metabolic pathway unrecognized so far in this phylum.
In the last two decades, dissimilatory ferric iron [Fe(III)]-reducers have been extensively surveyed and reported from various environments. The Fe(III)-reducing micro-organisms currently reported are from various bacterial and archaeal lineages. This wide distribution of dissimilatory Fe(III)-reducers in the bacterial and archaeal tree of life (Vargas et al., 1998; Weber et al., 2006) is compatible with the fact that iron is the fourth most abundant element in the Earth's crust. The Fe(III)-reducing thermophiles, including members of the domains 'Bacteria' and 'Archaea', are reported from marine hydrothermal environments, geothermally heated subsurface sediments (Slobodkin & Wiegel, 1997; Sievert et al., 1999; Slobodkin et al., 1999 Slobodkin et al., , 2001 Reysenbach et al., 2006; and others) and terrestrial hydrothermal environments (Kashefi et al., 2002; Slobodkina et al., 2012; Yoneda et al., 2012; and others) . Iron has the potential to serve micro-organisms as an alternative electron acceptor for energy conservation when access to molecular oxygen is limited in these natural environments (Lovley & Phillips, 1986 , 1988 . Thus, dissimilatory Fe(III)-reduction is recognized as a key form of energy metabolism among thermophilic and hyperthermophilic micro-organisms in hot habitats.
Here we propose a novel genus and species, Ardenticatena maritima sp. nov., the first report of a dissimilatory Fe(III)-reducer in the phylum 'Chloroflexi' isolated from an ironrich coastal hydrothermal field. In addition, the novel isolate was capable of growth by dissimilatory nitratereduction, which is also the first report among the members in the phylum. Using phylogenetic analyses as well as physiological and chemotaxonomic characterization, we propose this strain as representing a novel bacterial class belonging to the phylum 'Chloroflexi'.
Samples were obtained from a coastal hydrothermal field in Yamagawa Beach (31 u 109 580 N 130 u 369 590 E), a coarsegrained sandy bay in the Kirishima Volcanic Belt of southwestern Japan. Maximum temperature at the centre of the most active steam vent was 104 u C with a mean temperature of 101 u C. The temperature of the surface layer decreased in proportion to the distance from the hotspot. Sediment samples used in this study were collected from a relatively low temperature layer (approx. 70 u C) 15 cm beneath the surface at 100 cm from the vent centre. The sediment sample used in this study consisted of iron-rich volcanic rocks such as basalt, pyroxene, olivine and pumice. The ferrozine method (Lovley & Phillips, 1987) showed that the sediment sample contained approximately 5.6 mmol hydroxylamine-reducible Fe(III) g
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. Approximately 40 g (wet weight) of sediment was immediately transferred into a 50 ml glass vial and flushed with 100 % N 2 (100 kPa). The vial was closed tightly using a butyl rubber stopper and sealed with a screw-cap. No reducing agent was added. Samples were stored at 4 u C in the dark until used.
Approximately 5 g of the sediment sample was mixed with 45 ml filter-sterilized MJ synthetic seawater (Sako et al., 1996) . Fifty microlitres of the suspended portion was used to inoculate an enrichment medium (MJYAFI medium) containing 0.1 % yeast extract (Difco), 10 mM acetate, 40 mM fumarate and 10 mmol amorphous ferrihydrite [Fe(III) oxyhydroxide] in 1 l MJ synthetic seawater. Amorphous ferrihydrite was synthesized using the method of Lovley & Phillips (1986) . Liquid MJYAFI medium (3 ml) was dispensed in screw-cap test tubes, tightly stoppered with a butyl rubber stopper, and the headspace was filled with N 2 (overpressure of 100 kPa). No reducing agent was added to the medium. The pH of the medium was adjusted to 7.0 prior to autoclaving. Samples were inoculated and incubated for at least 1 week at 20, 37, 55, 70, 80 and 90 u C in triplicate. During the enrichment procedure, we observed that the colour of the iron precipitate in the three incubations at 55 u C changed from reddish-brown to black or dark-brown (data not shown), indicating that Fe(III) of ferrihydrite was reduced to Fe(II). The bacteria were non-motile with flexible filaments generally longer than 100 mm. One of the three enriched cultures was subjected to the purification procedure using a serial 10-fold dilution technique in liquid MJYAFI medium. The purification procedure was repeated at least three times before the culture was considered to be clonally pure. Purity was confirmed by epifluorescent microscopic observation (Eclipse E800 system; Nikon) of the culture and directly sequencing the 16S rRNA gene using several primers. The resulting isolate was designated strain 110S
T . No enrichment cultures with obvious Fe(III)-reducing potential were obtained at other temperatures (data not shown).
Cells were routinely observed using an epifluorescent microscope after staining with 4',6-diamidino-2-phenylindole (DAPI) (Porter & Feig, 1980) . For observation by transmission electron microscopy (TEM), cells were negatively stained with 2 % (w/v) uranyl acetate and examined using a JEM-1220 apparatus (JEOL) at an accelerating voltage of 100 kV. In addition, ultrathin section electron microscopic observation was performed at JEOL Ltd, Japan, using a JEM-1400 apparatus (JEOL) at an accelerating voltage of 100 kV. Strain 110S
T showed non-motile, colour-less filaments with widths of 0.2-0.3 mm (Fig. 1) . Cells stained Gram-negative. TEM observation indicated that the filaments were multicellular and the lengths of the individual cells in the filaments were 2 mm. Septa were observed. Neither pili nor flagella were observed. Ultrathin sections of whole cells of strain 110S T revealed a cytoplasmic membrane surrounded by a surface layer (Fig. 1b, c) . This multilayer structure consisted of two electron-dense layers and two electron-transparent layers (Fig. 1b, c) . The strain did not possess a clearly visible sheath-like structure (Fig. 1b) . In the stationary growth phase in unshaken cultures, the cells often formed aggregates.
For phylogenetic analyses, genomic DNA was prepared with the procedure described by Lauerer et al. (1986) . The 16S rRNA gene was amplified using PCR with the primers Eubac27F and 1492R (DeLong, 1992) . The 1.5 kb PCR product was sequenced directly at Takara Bio, Japan. The almost complete sequence (1484 bp) of the 16S rRNA gene of strain 110S
T was obtained. In a preliminary analysis, the obtained sequence was subjected to a BLASTN search. The sequence of strain 110S
T was similar to those derived from members of the bacterial phylum 'Chloroflexi' (data not shown) although the most closely related sequences were uncultured bacterial clones [e.g. uncultured bacterium clone 44, PNG_TBSL_B98 and Pol_B_41 (GenBank/ Ardenticatenia classis nov.
EMBL/DDBJ accession nos JQ183092, JN881657 and EF444700) with a maximum identity of 98, 98 and 92 %, respectively] obtained from hydrothermal environments around the world (Kormas et al., 2009; Meyer-Dombard et al., 2012; and others) . For detailed analysis, the obtained sequence was aligned manually with 123 sequences obtained from NCBI (National Center for Biotechnology Information, http://www.ncbi.nlm.nih.gov/, April 2011). Unambiguously aligned sites were selected and then the final dataset, being comprised of 124 taxa and 1262 positions, was subjected to phylogenetic analyses using the maximum-likelihood (ML) framework. The ML tree was inferred by RAxML version 7.2.6 (Stamatakis, 2006 (Stamatakis, , 2008 and the best tree was determined from 10 heuristic searches starting from different random trees under the GTR+C model. Bootstrap analyses were performed with 100 pseudo-replicates using the same model as in the initial tree search. Bayesian analyses were performed using MrBayes v3.1.2 (Huelsenbeck & Ronquist, 2001 ) under the GTR+C model. Two independent calculations (each consisting of four incrementally heated chains) were performed for 1 000 000 generations, sampling log-likelihoods (lnLs) and trees at 100-generation intervals. The first 300 000 generations were discarded as 'burn-in' and the majority rule consensus tree and Bayesian posterior probabilities (BPP) were calculated from the remaining trees. The phylogenetic tree of the phylum 'Chloroflexi' reconstructed using the ML method is shown in Fig. 2 . Strain 110S
T robustly formed a clade with the uncultured clones, such as Pol_B_41 (ML bootstrap value590 %, BPP5 1.0). Interestingly, the clade containing strain 110S
T showed no phylogenetic affinity to any clades containing previously reported isolates e.g. Anaerolineae, Caldilineae, Dehalococcoidia, Chloroflexia, Thermomicrobia, and Ktedonobacteria.
To determine the growth conditions of the novel isolate, we used marine broth 2216 (Difco) as a basal medium. Unless otherwise mentioned, growth conditions of the isolate were determined at 65 u C, pH 7.0 and 2 % NaCl under aerobic conditions in triplicate.
The influence of temperature on growth was determined over a range of 20 to 90 u C. Temperatures were confirmed 
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as stable during the cultivation period. In these temperature experiments, and the following pH and NaCl experiments, growth was monitored by measuring turbidity at 400 nm using a spectrophotometer (Ultrospec 2100 pro; Amersham Biosciences) and measuring protein quantity using the Bio-Rad Protein Assay kit with BSA as the standard.
For the effects of pH on growth, the pH of the medium was adjusted to 4.0-10.0 with H 2 SO 4 or NaOH at room temperature where 20 mM of MES (pH 4.0-6.0), PIPES (pH 6.5 and 7.0), HEPES (pH 7.5 and 8.0) and Bicine (pH 8.5-10.0) were used. The pH was checked after autoclaving and readjusted with H 2 SO 4 or NaOH at room temperature if necessary.
For the effects of NaCl concentrations on growth, we prepared a medium (pH 7.0) with nutrient composition the same as marine broth 2216 and the final concentration of NaCl was adjusted to 0.0-6.0 % (w/v).
The isolate grew at 30-75 u C, with an optimum range of 55-70 u C, and at pH 5.5-8.0, with an optimum around pH 7.0. The NaCl concentration for growth was in the range 0-60 g l 21 , with an optimum range of 10-20 g l 21 .
To examine whether the isolate was able to grow with other substrates as electron acceptors, N 2 (100 %) was filled as the gas phase to exclude molecular oxygen, and then strain 110S T was cultivated in the presence or absence of possible electron acceptors e.g. nitrate (20 mM), nitrite (20 mM), sulfate (20 mM), sulfite (20 mM), thiosulfate (20 mM), elemental sulfur [3 % (w/v)], amorphous ferrihydrite (10 mM) or ferric citrate (5 mM) in the Fe(III) 2 medium that lacks any electron acceptors (see above). In these electron acceptor experiments and in the following organic substrate utilization experiments, growth was monitored using direct cell counts after DAPI staining.
The isolate grew under aerobic conditions using molecular oxygen as an electron acceptor and also was capable of anaerobic growth with nitrate, ferrihydrite or ferric citrate as electron acceptors. Other electron acceptors (nitrite, sulfate, sulfite, thiosulfate, elemental sulfur and fumarate) did not support growth. Neither fermentative growth nor phototrophic growth was observed.
To examine organic substrates as electron donors and as carbon sources for growth of the isolate, each of the following substrates was added to MJ synthetic seawater (Sako et al., 1996) (Balch et al., 1979) T with the exception of Casamino acids, which allowed growth of strain 110S
T only in the presence of trace vitamin solution. Similarly, glucose and maltose allowed growth of the strain only in the presence of yeast extract. In addition, growth of the isolate on acetate was stimulated by yeast extract.
Cellular fatty acid composition and respiratory quinone analyses of the cells were performed at Techno Suruga Laboratory Corporation, Japan. Cells in the late-exponential growth phase under aerobic conditions at 65 u C in marine broth 2216 were harvested and then lyophilized. Cellular fatty acids were methylated, extracted and analysed using GC following the procedure given for the Sherlock Microbial Identification System (MIDI). Identification and comparison were made using the Aerobe (TSBA40) and the Anaerobe (MOORE5) databases of the Sherlock Microbial Identification System. Respiratory quinones were extracted as described by Nishijima et al. (1997) and analysed using a HPLC system (Waters 600 series). In addition to the analyses at Techno Suruga Laboratory Corporation, we performed GC/MS analysis to evaluate cellular fatty acid composition in detail. Lyophilized cells (see above) were placed in screw-cap test tubes containing 1 ml anhydrous methanolic HCl and heated at 100 u C for 3 h. The extraction and analysis of fatty acid methyl esters were performed as described previously (Takai et al., 2003) .
The identity of most of the total cellular acids remained unclear because, in the databases TSBA40 and MOORE5, there are a few fatty acids that have retention times identical to those we detected from our isolate. We could identify only 32.60 % and 17.75 % of the total cellular fatty acids using the databases TSBA40 and MOORE5, respectively. The estimated major fatty acids were iso-C 20 : 0 (18.9 %), iso-C 17 : 0 (3.7 %) and iso-C 18 : 0 (2.5 %). In an attempt to estimate the major fatty acids, we performed GC/MS analysis. The major fatty acids indicated by mass spectrum were C 22 : 0 (25.9 %), C 19 : 0 (11.9 %), C 23 : 0 (8.4 %) and C 21 : 0 (7.1 %). However, the branching points of each fatty acid remained unclear. The major menaquinones were MK-9 (91.8 %), MK-10 (6.1 %) and MK-8 (2.1 %).
Genomic DNA was prepared as described by Lauerer et al. (1986) . The G+C content (mol%) of the genomic DNA 
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Longilinea arvoryzae KOME-1 T AB243673 Leptolinea tardivitalis YMTK-2 T AB109438 Bellilinea caldifistulae GOMI-1 T AB243672 Levilinea saccharolytica KIBI-1 T AB109439
Anaerolinea thermophila UNI-1 T AB046413 Anaerolinea thermolimosa IMO-1 T AB109437
Caldilinea aerophila STL-6-01 T AB067647
'Dehalobium chlorocoercia' DF-1 AF393781 Dehalogenimonas lykanthroporepellens BL-DC-9 T EU679419
Oscillochloris trichoides DG-6 T AF093427
Chloroflexus aggregans MD-66 T AJ308499 Herpetosiphon geysericola ATCC 23076 T AF039293
Thermomicrobium roseum ATCC 27502 T M34115
Ktedonobacter racemifer SOSP1-21 T AB510917 Thermogemmatispora foliorum ONI-5 T AB547913 Thermogemmatispora onikobensist ONI-1 T AB547912 'Thermobaculum terrenum' YNP1 CP001825
Actinoplanes derwentensis LA 107 T AJ277566 'Caloramator uzoniensis' Jw/VK-KU2 AF489534
Sphaerobacter thermophilus 6022 T AJ42014
S. Kawaichi and others was determined by direct analysis of deoxyribonucleotides using a HPLC system (Prominence; Shimadzu) equipped with a COSMOSIL 5C 18 -PAQ packed column (Nacalai Tesque). A DNA-GC kit (Yamasa Shouyu) was used for the digestion of DNA with nuclease P1 (Teske et al., 2002) and as a reference for the measurement. Phosphate buffer (pH 7.0) containing 10 % (v/v) acetonitrile was used in the mobile phase. The DNA base composition of genomic DNA of the isolate was 51.5 mol%.
To measure anaerobic Fe(III)-reduction during growth of the isolate, we prepared a medium with a nutrient composition the same as marine broth 2216 (Difco) except without ferric citrate and MgSO 4 that may cause unintended Fe(III)-and sulfate-reduction, and we added 18.1 g MgCl 2 . 6H 2 O l 21 for magnesium ions instead of MgSO 4 (hereafter we refer to this medium as Fe(III) 2 medium). Then, 10 mmol ferrihydrite was added to the Fe(III) 2 medium (hereafter we refer to this medium as the Fe(III) + medium). To achieve anaerobic conditions, the gas phase was filled with N 2 (100 %). For inoculum, we prepared a pre-culture in the aerobic Fe(III) 2 medium at pH 7.0 and 65 uC. One millilitre of pre-culture in exponential growth phase was used as inoculum into 150 ml Fe(III) + medium in a 250 ml glass bottle tightly sealed with a butyl rubber stopper. Growth was monitored using direct cell counts of DAPI-stained cells (see above). Fe(III)-reduction was monitored measuring the accumulation of dissolved and/or nanosized Fe(II) in filtered medium. Fe(II) was quantified using the ferrozine method (Stookey, 1970; Lovley & Phillips, 1987 ) with some modification: (i) adding a 0.1 ml aliquot of the culture to 0.9 ml ferrozine solution [0.1 % (w/v) 3-(2-pyridyl)-5,6-bis(4-sulfophenyl)-1,2,4-triazine, disodium salt, in 50 mM HEPES (pH 7.0)], (ii) incubating for 2 min at room temperature, (iii) passing the mixture through a cellulose acetate filter (pore size, 0.20 mm; ADVANTEC), and (iv) measuring A 562 of the filtrate. A standard curve was created following the above four steps using solutions containing known concentrations of FeSO 4 instead of the culture. The Fe(III)
+ medium without bacterial cell inoculation was used as the control. We also performed the same experiments using the Fe(III) 2 medium as control. All tests were performed at pH 7.0 and 65 u C in triplicate.
We also measured anaerobic nitrate-reduction during growth of the isolate. NaNO 3 was added to the Fe(III) 2 medium to a final concentration of 20 mM (hereafter we refer to this medium as the nitrate + medium). Six millilitres of pre-culture in exponential growth phase was used as inoculum into 600 ml nitrate + medium in a 1 l glass bottle. The end product of nitrate-reduction was monitored using a GC (GC-2014 equipped with SHINCARBON ST column; SHIMADZU) (for N 2 ) and an auto analyser (AACSIII; BL TEC K.K.) (for NO 2 -N or NH 4 -N). All tests were performed at 55 u C. Other conditions were the same as the anaerobic Fe(III)-reduction experiment mentioned above.
Although organic compounds can work as electron donors in the anaerobic medium for many micro-organisms, only faint growth of strain 110S
T cells was observed in Fe(III) 2 medium containing organic compounds, indicating that strain 110S T cannot efficiently perform fermentation. Conversely, cells of strain 110S
T grew vigorously, having a mean maximum cell density of 7.7610 7 cells ml 21 , when the cells were inoculated in the medium including Fe(III) [Fe(III) + medium] (Fig. S1 , available in IJSEM Online). At the same time, the amount of accumulated Fe(II) increased constantly from the early exponential growth phase to the late stationary growth phase. In addition, negligible amounts of Fe(II) accumulation were detected in the Fe(III) + medium without inoculation during the incubation at 65 u C (Fig. S1 ). This cell-free experiment indicates that the apparent increase of Fe(II) in the Fe(III) + medium including cells was not derived from abiotic reduction of Fe(III); rather strain 110S
T was involved in reduction of Fe(III) resulting in accumulation of Fe(II) in the medium. Thus, we concluded that strain 110S
T performed dissimilatory Fe(III)-reduction under anaerobic conditions.
Strain 110S
T also grew under anaerobic conditions with nitrate-reduction, reaching a mean maximum cell density of 2.7610 7 cells ml
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. The lag phase of anaerobic growth under nitrate-reduction (approx. 20 h) was longer than that under iron-reduction. Neither N 2 nor NO 2 2 was detected in the culture, but ammonium was the only product of nitrate-reduction.
We demonstrated the ability for anaerobic Fe(III)-and nitrate-reduction in strain 110S T , which is the first report of Fe(III) or nitrate as an electron acceptor in a member of the phylum 'Chloroflexi'. However, not all of the isolates in this phylum have been examined for their Fe(III)-and nitrate-reducing ability (Table 1) and it is required to investigate whether or not these abilities are specific to strain 110S T in this phylum. Phylogenetic analysis of the 16S rRNA gene sequences indicated that strain 110S
T is affiliated to a novel lineage in the phylum 'Chloroflexi', and this was also reproduced by another analysis with taxon sampling comprised of strain 110S T and taxa used by Yamada et al. (2006) (data not shown). The sequence similarity of the 16S rRNA gene comparing strain 110S T with other isolates in this phylum was less than or equal to Table 1 . Phenotypic characteristics of the classes in the phylum 'Chloroflexi' Data were obtained from type strains of genera with validly published names. The class Caldilineae contains the genera Caldilinea and Litorilinea (data were taken from Sekiguchi et al., 2003; Grégoire et al., 2011a; Kale et al., 2013) . The class Anaerolineae contains the genera Anaerolinea, Levilinea, Leptolinea, Bellilinea, Longilinea, 'Thermoanaerothrix' and Ornatilinea (Sekiguchi et al., 2003; Yamada et al., 2006 Yamada et al., , 2007 Grégoire et al., 2011b; Podosokorskaya et al., 2013) . The class Chloroflexia contains the genera Chloroflexus, Oscillochloris, Herpetosiphon and Roseiflexus (Holt & Lewin, 1968; Pierson & Castenholz, 1974; Trick & Lingens, 1984; Keppen et al., 1994 Keppen et al., , 2000 Hanada et al., 1995 Hanada et al., , 2002 . The class Ktedonobacteria contains the genera Ktedonobacter, Thermosporothrix and Thermogemmatispora (Cavaletti et al., 2006; Yabe et al., 2010 Yabe et al., , 2011 . The class Dehalococcoidia contains the genera Dehalococcoides and Dehalogenimonas (Seshadri et al., 2005; Moe et al., 2009; Yan et al., 2009; Löffler et al., 2013) . The class Thermomicrobia contains the genera Thermomicrobium, 'Thermobaculum' and Sphaerobacter (Jackson et al., 1973; Botero et al., 2004; Hugenholtz & Stackebrandt, 2004; Wu et al., 2009) 
